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Summary
Drosophila sensory organ precursor (SOP) cells un-
dergo several rounds of asymmetric cell division to
generate the four different cell types that make up ex-
ternal sensory organs. Establishment of different fates
among daughter cells of the SOP relies on differential
regulation of the Notch pathway. Here, we identify the
protein Lethal (2) giant discs (Lgd) as a critical regula-
tor of Notch signaling in the SOP lineage. We show
that lgd encodes a conserved C2 domain protein that
binds to phospholipids present on early endosomes.
When Lgd function is compromised, Notch and other
transmembrane proteins accumulate in enlarged early
endosomal compartments. These enlarged endo-
somes are positive for Rab5 and Hrs, a protein in-
volved in trafficking into the degradative pathway.
Our experiments suggest that Lgd is a critical regula-
tor of endocytosis that is not present in yeast and
acts in the degradative pathway after Hrs.
Introduction
The Notch receptor is activated by binding to members
of the DSL (Delta/Serate/Lag2) family of transmembrane
proteins (Artavanis-Tsakonas et al., 1999; Schweisguth,
2004). Upon ligand binding, Notch is cleaved within the
extracellular region (Mumm et al., 2000) by the ADAM
transmembrane metalloprotease Kuzbanian (Pan and
Rubin, 1997; Lieber et al., 2002). This S2 cleavage gener-
ates a membrane-tethered form called Notch extracellu-
lar truncation (NEXT) and releases the Notch extracellu-
lar domain (NECD). Afterwards, the transmembrane
protease Presenilin (De Strooper et al., 1999; Ye et al.,
1999; Ray et al., 1999; Struhl and Adachi, 2000) cleaves
NEXT within the transmembrane domain and releases
the intracellular domain (NICD). Finally, NICD translo-
cates to the nucleus, binds to transcriptional coactiva-
tors of the CSL (CBF1, Suppressor of Hairless, Lag1)
family, and activates transcription of Notch target genes
(Schweisguth, 2004).
Notch signaling is regulated by endocytosis in both
the signal-sending and signal-receiving cell (Seugnet
et al., 1997) (reviewed by Le Borgne et al., 2005; Le
Borgne, 2006; Wilkin and Baron, 2005). In the signal-
sending cell, DSL ligands are ubiquitinated by Neural-
ized and Mind bomb and then endocytosed in a process
that requires the Drosophila Epsin homolog Liquid
facets (Le Borgne and Schweisguth, 2003; Overstreet
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2005). Since Neuralized, Mind bomb, and Liquid facets
are all required for signaling activity, endocytosis is
thought to play an activating role in the signal-sending
cell. Ligand endocytosis could lead to a conformational
change of the bound receptor that facilitates extracellu-
lar cleavage. Alternatively, DSL ligands may need to be
modified by passage through an endocytic recycling
pathway before they can activate Notch on the neigh-
boring cell (Wang and Struhl, 2004; Emery et al., 2005).
The role of endocytosis in the signal-receiving cell is
more controversial. It was originally thought that Notch
is activated at the plasma membrane and that endocy-
tosed Notch is targeted for degradation. Consistent
with this, the endocytic protein Numb binds to Notch
(Guo et al., 1996) and a-Adaptin (Berdnik et al., 2002)
and may repress Notch signaling by removing it from
the plasma membrane. More recently, however, genetic
manipulations that cause accumulation of Notch either
at the plasma membrane (Sakata et al., 2004), in the mul-
tivesicular body (MVB) pathway (Sevrioukov et al., 2005;
Thompson et al., 2005; Vaccari and Bilder, 2005), in late
endosomes (Hori et al., 2004), or in recycling endosomes
(Wilkin et al., 2004) were shown to result in activation of
Notch signaling. It is thought that the ubiquitin ligases
Nedd4 and Su(dx) ubiquitinylate Notch and target it for
the degradative pathway (Sakata et al., 2004; Wilkin
et al., 2004). When this pathway is blocked by mutating
ESCRT complex members Vps25 or Vps23 (erupted in
Drosophila), Notch is still endocytosed, but it accumu-
lates in large endocytic vesicles. Since Notch activity
is increased in those mutants, Notch activation must oc-
cur not only at the plasma membrane, but also in endo-
cytic compartments. The situation is complicated by the
fact that Deltex, another ubiquitin ligase that promotes
Notch internalization, can play activating and inhibitory
roles in different cellular contexts (Mukherjee et al.,
2005; Hori et al., 2004), suggesting that both activating
and inhibitory sorting pathways exist for Notch.
One model system used to study Notch signaling
is the development of external sensory (ES) organs in
the Drosophila peripheral nervous system (Le Borgne,
2006). ES organs are composed of four different cell
types that arise from a single sensory organ precursor
(SOP) cell. The SOP divides asymmetrically into a pIIa
cell that generates the outer cells (hair and socket) and
a pIIb cell that generates the inner cells (sheath and
neuron). Inhibition of Notch signaling makes each of
these divisions symmetric; thus, four neurons are gener-
ated at the expense of the other cell types (Hartenstein
and Posakony, 1990). Conversely, Notch overactivation
leads to the generation of four socket cells. Notch regu-
lation during ES organ development occurs at the level
of endocytic trafficking. During SOP division, several
endocytic proteins are specifically inherited by the pIIb
cell. Numb and a-Adaptin are thought to inhibit Notch
(Rhyu et al., 1994; Guo et al., 1996; Berdnik et al.,
2002), whereas Neuralized increases Delta endocytosis
and activity (Le Borgne and Schweisguth, 2003). Addi-
tionally, repression of recycling endosome formation
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(A) External sensory organs on wild-type heads show hairs (open arrowhead) and sockets (closed arrowhead). Fly heads containing large, eyFlp-
induced 2L08 or 2L24mutant clones are larger. Bristles are often lost (open arrowhead) or have multiple sockets but no hairs (closed arrowhead).
(B) Lineage analysis of wild-type ES organs shows one socket (green, Suppressor of Hairless), one sheath cell (blue, Prospero), and one neuron
(red, Elav). 2L24 mutant ES organs are often composed of four sockets.
(C) As in wild-type, Numb is asymmetrically localized at metaphase (left) and segregates into the pIIb cell in telophase (right) in 2L08 mutant SOP
cells (marked by the absence of b-Gal, see Experimental Procedures).
(D) Postorbital bristles ofNotchts flies with (right) or without (left) eyFlp-induced 2L24 mutant clones at the permissive (top) or restrictive (bottom)
temperature.
(E) Statistical analysis of the results presented in (D). Error bars represent standard error of the mean. Note that in the few bristles that form at the
restrictive temperature due to residual Notch activity, 2L24 does cause a multiple socket phenotype.contributes to a lower rate of Delta recycling and results
in lower Delta activity in the pIIa cell (Emery et al., 2005).
Together, these events lead to a bias in Notch signaling
such that Notch activity is high in the pIIa cell and low in
the pIIb cell. Similar mechanisms are thought to bias
Notch signaling in the daughter cells of pIIa and pIIb.
Here, we use ES organs to isolate additional compo-
nents of the Notch pathway. We identify the tumor
suppressor gene lethal (2) giant discs (lgd) (Bryant and
Schubiger, 1971; Klein, 2003) as a gene required for
cell fate specification in ES organs. lgd mutant ES or-
gans show phenotypes consistent with Notch overacti-
vation. We show that lgd encodes a C2 domain protein
that is conserved in multicellular organisms and binds
to phospholipids present in early endosomal compart-
ments. lgd mutant or lgd-overexpressing cells have dra-
matic defects in vesicular trafficking: early endosomal
compartments are enlarged and accumulate ubiquitiny-
lated transmembrane proteins like Notch, Delta, and the
EGF receptor. We propose that Lgd is a regulator of traf-
ficking into the endocytic degradative pathway, and we
show via genetic interaction experiments that it acts af-
ter the ubiquitin binding protein Hrs (Lloyd et al., 2002).
So far, components of this pathway have mostly beenidentified in yeast (Babst, 2005), but our experiments
show that distinct components exist that are not present
in yeast.
Results
Identification of Mutants Affecting Cell Fate
Specification in the ES Organ Lineage
To identify genes involved in Notch signaling, we re-
screened a collection of mutants from a large-scale
genetic screen (Berdnik et al., 2002) for mutations that
cause cell fate transformations in the SOP lineage. In
wild-type ES organs, one hair and one socket can be
seen, while the internal cells are hidden beneath the cu-
ticle (Figure 1A). Two mutants, 2L08 and 2L24, showed
missing and abnormal ES organs consisting of four
sockets but no hair cells (Figure 1A). In addition, mutant
heads are significantly enlarged, a phenotype often seen
in mutations leading to increased Notch signaling (like
Hairless; data not shown). Both mutations map to the
same chromosome arm, and complementation analysis
shows that they affect the same gene (see also below).
Lineage analysis in pupae carrying 2L24 mutant eyFlp
clones (Figure 1B) shows that 50% of the mutant ES
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marked by Su(H) expression), while neurons (red, Elav),
sheath cells (blue, Prospero), and hair cells are absent. A
total of 24% of mutant ES organs are composed of two
socket cells, one sheath cell, and one neuron, while 6%
have two socket cells and two sheath cells (data not
shown). We did not find any cell fate transformations
of outer into inner cells, indicating that missing bristles
are due to Notch overactivation during lateral inhibition,
the process in which cells are specified to become SOPs
(Hartenstein and Posakony, 1990). We conclude that the
mutated gene is required for all asymmetric divisions
during the formation of ES organs.
2L08 and 2L24 Act Genetically between numb and
Notch
Since the cell fate transformations in 2L08 and 2L24 are
strikingly similar to those of numb (Rhyu et al., 1994), we
analyzed the asymmetric segregation of Numb in 2L08
clones. The protein is expressed at wild-type levels, is
asymmetrically localized at metaphase, and is inherited
by only one of the two daughter cells (Figure 1C). Live
imaging of a GFP reporter for the Numb-binding protein
Partner of Numb (Pon) in MARCM clones (Lee and Luo,
1999) also shows wild-type localization and asymmetric
inheritance of GFP-Pon (data not shown). We conclude
that the gene mutated in 2L08 and 2L24 acts down-
stream or in parallel to numb.
Since the phenotypic similarity with numb indicates
that 2L08 and 2L24 might affect a Notch repressor, we
performed epistasis experiments (Figures 1D and 1E).
We used postorbital bristles, which can be scored in
high numbers. When flies hemizygous for a tempera-
ture-sensitive Notch allele (Notchts) (Hartenstein and
Posakony, 1990) are kept at the permissive temperature,
these bristles are morphologically normal, although their
number is slightly increased due to a mild neurogenic
effect of the conditional allele. When these flies are
shifted to the restrictive temperature during ES organ
development, hair and socket cells are transformed
into inner cells, leading to an apparent loss of bristles
(Figure 1D). In flies carrying eyFlp-induced clones of
2L24, postorbital bristles—like other ES organs—have
multiple sockets but no hair. Multiple sockets are not
observed when Notchts is inactivated in this mutant
background, suggesting that 2L24 acts either upstream
or in parallel to Notch. Lineage analysis confirmed that
ES organs consist solely of neurons in both Notchts
and Notchts, 2L24 animals (data not shown). We con-
clude that the gene mutated in 2L24 is a negative regu-
lator of Notch signaling during asymmetric cell division.
2L08 and 2L24 Are Alleles of lethal (2) giant discs
Using recombination with marked P elements of known
cytological positions (Berdnik et al., 2002), 2L08 and
2L24 were mapped to 32D2-33B. Both 2L08 and 2L24
fail to complement the deficiency Df(2L)FCK-20 (Barrio
et al., 1999) (Figure 2A). FCK-20 contains lethal (2) giant
discs (lgd), a gene that has previously been reported to
repress Notch signaling (Klein, 2003). Both 2L08 and
2L24 fail to complement the existing lgd allele lgdd10.
Furthermore, lgdd10 clones induced on the notum by
using UbxFlp show cell fate transformations similar
to those of 2L08 and 2L24 (Figure 2D, compare toFigure 3E). lgdd10 clones induced on the head by using
eyFlp also show multisocket phenotypes (Figure 2C0).
However, most ES organs in these flies are absent
(Figure 2C), probably due to increased Notch signaling
during lateral inhibition. Together with the fact that
2L08, 2L24, and lgdd10 carry mutations in the same
gene (see below), these data show that 2L08 and 2L24
are alleles of lgd. Although all lgd alleles have similar
lethal phases over FCK-20, 2L08 and 2L24 have slightly
weaker phenotypes than the existing alleles in eyFlp-
induced clones (compare Figure 2C to Figure 1A) and
seem to be strong hypomorphs. Below, we will refer to
2L08 and 2L24 as lgd08 and lgd24, respectively.
lethal (2) giant discs Encodes an Evolutionarily
Conserved C2 Domain Protein
To identify the molecular nature of the lgd gene, we gen-
erated an SNP map covering 31F-33B (Figure 2A, see
Experimental Procedures) and used these molecular
markers to narrow lgd to a 116 kb region containing
21genes. Sequencing these genes in the parental line
used in the eyFlp screen and in 2L08 homozygous larvae
revealed a mutation in CG4713 (Figure 2B), an uncharac-
terized protein conserved from worms to humans. Both
CG4713 and its two human homologs contain four DM14
repeats of unknown function (Ponting et al., 2001) and
a C-terminal, potentially lipid-binding C2 (Protein Kinase
C conserved region 2) domain (Hurley and Misra, 2000).
lgd08 is a C-to-T mutation that changes glutamine 595 to
a premature stop codon, leading to a C-terminal trunca-
tion that removes the C2 domain. lgd24 also affects
CG4713 and changes a conserved proline at position
557 in the fourth DM14 repeat into serine. Sequencing
of CG4713 in the four existing lgd alleles, lgdd1, lgdd4,
lgdd7, and lgdd10, showed that all alleles carry an identi-
cal mutation: a two nucleotide deletion that leads to a
stop codon at amino acid 229 (17 amino acids down-
stream of the frameshift). Taken together, these results
show that CG4713 is lgd.
To test for the subcellular localization of Lgd, we
raised an antibody against an N-terminal peptide. In
wild-type Drosophila larvae, the antibody recognizes
a major 130 kDa band and several minor bands that
can be blocked by the antigenic peptide (Figure 2E). In
lgd08 and lgdd10 larvae, these bands are absent, and
smaller fragments of 100 kDa and 40 kDa, which corre-
spond to the predicted truncated proteins, appear
(Figure 2E). Although the predicted molecular weight
of Lgd is 89 kDa, the protein runs at 130 kDa when ex-
pressed in S2 cells (Figure 2F) or when translated in vitro
(data not shown). Thus, the antibody is specific for Lgd.
Although the antibody did not show specific staining in
larval or pupal tissues (data not shown), it shows
a dot-like staining along and beneath the plasma mem-
brane in Drosophila embryo cells (Figure 2G). In epithe-
lial cells, the protein is slightly concentrated apically;
however, in asymmetrically dividing neuroblasts, Lgd
is uniformly distributed around the cell.
Lgd Is a Phospholipid-Binding Protein
Lgd contains a C-terminal C2 domain. C2 domains bind
phospholipids but can also be protein interaction do-
mains (Hurley and Misra, 2000). To test the role of the
C2 domain, we generated Lgd deletions (Figure 3A).
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(A) Schematic representation of cytological region 31F–33B. Positions of marked P elements (yellow triangles), Df(2L)FCK-20 (blue box), and
SNPs between the parental strain and P element lines (green/red circles) are shown. lgdwas narrowed to a region between two SNPs (red circles)
containing 21 genes (green arrows). lgd alleles show mutations in CG4713 (orange arrow).
(B) Lgd has four DM14 repeats (orange boxes) and one C2 domain (yellow box). Two homologs are found in mice and humans and have a similar
domain structure. The positions of the mutations in lgdd10, 2L24, and 2L08 are indicated.
(C and C0) eyFlp-induced clones of the existing lgd allele, lgdd10, show overgrown heads and loss of bristles (arrowhead in [C]). (C0) Remaining
bristles are sometimes multisocket.
(D and D0) UbxFlp-induced clones of lgdd10 on the notum show loss of hairs (arrowhead in [D]) and multisockets (magnified in [D0]).
(E) Western blot analysis of wild-type, lgd08 homozygous, or lgdd10 homozygous third-instar larvae. Note the presence of smaller bands in wild-
type that are peptide blockable and become stronger upon lgd overexpression (see [F]), indicating that they are degradation products.
(F) Western blot analysis of Drosophila S2 cells, either untransfected or transfected with UAS-Lgd or UAS-2xmyc-Lgd, and probed for either Lgd
(top) or c-Myc (bottom). Blots were stripped and reprobed for Tubulin to demonstrate protein loading.
(G) Embryos (3–6 hr old) stained for Lgd (green), Miranda (red), and DNA (DAPI, blue). Apical is up. Lgd is concentrated in dots at the cortex, but,
unlike Miranda, is not asymmetric in mitotic neuroblasts. The Lgd signal is almost completely lost in the peptide block.LgdDC2 (aa 1–664) lacks the C2 domain and is compara-
ble to the protein product of the lgd08 allele (aa 1–595).
LgdDN (aa 518–816) is the C-terminal portion of Lgd
that includes the C2 domain. 3xFlag-Lgd purified from
S2 cells, but not 3xFlag peptide alone, binds strongly
to monophosphorylated phosphatidyl inositols (PI(3)P,
PI(4)P, PI(5)P) immobilized on nitrocellulose membranes
(‘‘PIP strips,’’ Figure 3B). In the absence of the C2 do-
main, this binding is dramatically reduced (Figure 3B,
LgdDC2-3xFlag), while the C2 domain alone is sufficient
for binding (Figure 3B, 3xFlag-LgdDN). We obtained
similar results with bacterially expressed GST-LgdDN,
indicating that the C2 domain of Lgd can directly bind
to phospholipids. We find some weak interactions of
different constructs with PI, PIP2 forms, and PS, but
these affinities are only slightly above background.
Since PI(3)P and PI(4)P were shown to be associated
with early endosomes and secretory vesicles, respec-
tively (Czech, 2003), this lipid specificity would be con-sistent with an activity of Lgd in endocytic or secretory
pathways.
Membrane Association of Lgd Requires the C2
Domain
To test whether Lgd associates with membranes via the
C2 domain, we fractionated wild-type or lgd08 mutant
larvae by using high-speed centrifugation (Figure 3C).
Tubulin is depolymerized under the conditions used
and marks the cytosol, while Syntaxin marks the mem-
brane fraction. Lgd from wild-type larvae is found mainly
in the soluble cytoplasmic fraction, but it is also found
with the insoluble membrane proteins. Lgd lacking
the C2 domain, as produced by lgd08 mutant larvae
(Figure 2E), is found exclusively in the soluble fraction.
We conclude that membrane association of Lgd in vivo
requires the C2 domain. Since lgd08 is a strong loss-
of-function allele, we conclude that binding to phospho-
lipids is essential for Lgd to perform its function.
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(A) Outline of deletion constructs: LgdDC2 consists of the N-terminal amino acids 1–664 (removing the C2 domain, similar to lgd08 mutants).
LgdDN consists of amino acids 581–816 of Lgd (including the C2 domain). The green circle indicates the position of tags used.
(B) Schematic of a PIP Strip showing the lipid composition of each dot. Recombinant proteins containing the C2 domain of Lgd bind strongly to
monophosphorylated phosphatidyl inositides in vitro. Deletion of the C2 domain dramatically reduces binding. Neither Lgd nor LgdDC2 can be
expressed in bacterial cells.
(C) High-speed centrifugation of extracts from either wild-type or lgd08 mutant larvae separates soluble cytoplasmic proteins from membrane
proteins. The C2 domain of Lgd is required for Lgd to pellet with membrane proteins.
(D–F) Unlike (D and D0) wild-type flies, (E and E0) flies carrying UbxFlp-induced clones of lgd08 or (F and F0) flies overexpressing UAS-Lgd in the
proneural cluster using scabrousGal4 show a loss of hairs and multiple sockets.
(G–I0) Overexpression of UAS-Lgd or UAS-LgdDC2 in the SOP by using neuralizedGal4 causes (G and H) loss of hairs and gives rise to (G0 and H0)
ES organs composed of multiple socket cells. (I and I0) Overexpression of UAS-LgdDN has no effect on bristle development.Lgd Overexpression Leads to Activation of Notch
Signaling
Loss of lgd function leads to an increase in Notch
activity. To test whether lgd overexpression has the op-
posite effect, we generated flies expressing full-length
lgd under UAS control. Surprisingly, overexpression of
lgd in ES organs from scabrousGal4 or neuralizedGal4
leads to cell fate transformations similar to those
observed in lgd mutant clones (Figures 3E–3G). Lineage
analysis shows that 50% of ES organs produce
four socket cells at the expense of other cell types
(data not shown). Conversely, SOP cells are not speci-
fied when lgd is overexpressed on the notum from
MS248Gal4 (Cavodeassi et al., 2002) (data not shown),
presumably due to Notch overactivation during lateral
inhibition. A similar effect on Notch signaling is observed
upon overexpression of C-terminally truncated lgd in
which the C2 domain is replaced by GFP (Figures 3A
and 3H), while expression of the GFP-tagged C2 domain
alone has no effect (Figures 3A and 3I). We conclude that
Lgd needs to be present in the right amount to perform
its function in Notch signaling. Its overexpression leads
to ectopic Notch activation, probably because an
important binding partner of the Lgd N terminus is
titrated out.Disruption of Lgd Function Creates Enlarged
Endosomal Compartments
To understand the cellular basis for the lgd phenotypes,
we analyzed the subcellular distribution of Notch and
Delta in pIIa and pIIb cells. Notch and Delta protein
levels at the plasma membrane are not changed in a de-
tectable manner (Figure 4). However, the size of intracel-
lular Notch and Delta vesicles is dramatically increased
after lgd overexpression (Figures 4A0–4D0). Often, the
proteins are found in large, ring-like structures. A similar,
but milder, increase in size was also observed in lgd08
mutant cells (Figures 4F0–4I0). To test whether this
reflects a general defect in endocytic trafficking, we an-
alyzed the distribution of Hrs (hepatocyte growth factor-
regulated tyrosine kinase substrate), a marker for early
and late endosomal membranes that is required for
the transport of protein cargo to lysosomes (Hicke and
Dunn, 2003). In wild-type cells, Hrs is seen in the cyto-
plasm, in intracellular punctae and rarely in large, ring-
like intracellular vesicles (Figures 4A, 4C, 4F, and 4H).
Upon lgd overexpression (Figures 4B, 4D, and 4E), the
size and number of these rings are dramatically
increased (from 2.67 6 0.28 [n = 12] to 5.17 6 0.24 [n =
12] per cell pair, p < 10206, Student’s t test). In lgd mu-
tants (Figures 4G, 4I, and 4J), the number of these rings
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(A–J) Confocal cross-section through pIIa/pIIb cell pairs (marked by Asense [Ase], blue in [A0 0]–[I0 0]) in (A, C, F, and H) wild-type, (B and D) lgd-
overexpressing pupae, or (G and I) pupae carrying UbxFlp-induced lgd08 mutant clones. (A, C, F, and H) Hrs is found in punctae and in the cy-
toplasm in wild-type cells. In cells overexpressing lgd and in lgd mutant cells, cytoplasmic staining of Hrs is reduced, and the number and size of
punctae are significantly increased (arrowheads). Note that Hrs images in (A)–(D) were taken at a lower gain than those in (F)–(I) in order to prevent
overglow of the large Hrs punctae in cells overexpressing Lgd. (A0–I0 0) Hrs-marked compartments accumulate Delta and Notch upon (B0, B0 0 and
D0, D0 0, respectively) overexpression of lgd and in (G0, G0 0 and I0, I0 0, respectively) lgdmutant cells compared to (A0, A0 0, F0, F0 0 and C0, C0 0, H0, and H0 0,
respectively) wild-type. (E and J) Statistical analysis of the average number of Hrs rings (defined as circular punctae that lack staining at the cen-
ter) per cell pair. Error bars are standard error of the mean. The difference between wild-type counted in (E) and in (J) is due to the different set-
tings required to image cells overexpressing lgd.is also increased (from 3.46 0.25 [n = 19] to 7.36 0.37 [n
= 22] per cell pair, p < 10209, Student’s t test), although
the size difference is not as dramatic. In addition, apical
concentration of Hrs-positive compartments is less pro-
nounced in lgd mutants as well as upon lgd overexpres-
sion (data not shown). Since these phenotypes are seen
both in Notch-positive and in Notch-negative Hrs vesi-
cles, we conclude that Lgd plays a general role in endo-
cytic trafficking.
To further characterize the trafficking defect in lgd
mutants, we expressed the early endosomal markersGFP-Rab5 (Entchev et al., 2000) and GFP-2xFYVE (Wu-
cherpfennig et al., 2003) in cells simultaneously overex-
pressing lgd or in lgd mutant MARCM (Lee and Luo,
1999) clones. In wild-type cells, GFP-Rab5 is seen in
small dots and in larger rings (Figure 5A, Movie S1; see
the Supplemental Data available with this article online,
n = 4 movies). Upon lgd overexpression, both daughter
cells contain giant, motile rings (Figure 5A0, Movie S2,
n = 6), and the number of large rings is increased. Simi-
lar, but milder, effects are seen in lgd mutant cells
(Figure 5A0 0, Movie S3, n = 10). A similar defect is seen
Lgd Regulates Protein Trafficking in Drosophila
647Figure 5. Protein Sorting through Early Endosomes Is Disrupted in lgd Mutant Cells
(A–E0) Stills taken from movies of GFP reporters for endocytic compartments expressed in SOP cells by using neuralizedGal4 in (A–E) wild-type,
(A0–E0) lgd-overexpressing, or (A0 0–C0 0) lgd08 mutant pupae. Visualization of early endosomes by using either (A–A0 0) GFP-Rab5 or (B–B0 0) GFP-
2xFYVE shows that the size and morphology of the early endosome are changed in (A0 0 and B0 0) lgd mutants or (A0 and B0) upon overexpression
of lgd compared to (A and B) wild-type. Enlarged early endosomes are motile (see Supplemental Movies). (C–C0 0) Rab11-GFP-marked recycling
endosomes, (D–D0) GFP-Rab7-marked late endosomes, and the (E–E0) GFP-Sec15-marked exocyst are unchanged.
(F–H) Upon overexpression of lgd, Notch and Delta accumulate together in early endosomes. Pupae expressing GFP-Rab5 (G) with or (F) without
co-overexpression of Lgd were fixed and stained for Notch (red) and Delta (blue). (H) Quantification of the mean percentage of Notch vesicles
colocalizing with either GFP-Rab5 or with Delta or with GFP-Rab5 and Delta and of the mean percentage of Delta vesicles colocalizing with GFP-
Rab5. Error bars are standard error of the mean.
(I–J0 0 0) Costaining of endogenous Rab5 and Hrs in (I–I0 0) wild-type and (J–J0 0) lgd-overexpressing cells showing accumulation of Rab5 with Hrs
(arrowheads in [J]) upon overexpression of Lgd.for GFP-2xFYVE, a less invasive marker for early endo-
somes that binds to PI(3)P, one of the lipids recognized
by Lgd (Wucherpfennig et al., 2003). GFP-2xFYVE
is found in punctae in wild-type cells (Figure 5B,
Movie S4, n = 2). In cells either overexpressing lgd
(Figure 5B0, Movie S5, n = 4) or in lgd mutant cells (Fig-
ure 5B0 0, Movie S6, n = 5 movies), GFP-2xFYVE-positive
vesicles are increased in size compared to those found
in wild-type cells, although the phenotype is less dra-
matic than with GFP-Rab5.
To examine the morphology and distribution of other
endosomal compartments, we generated movies of di-
viding SOP cells expressing Rab11-GFP to follow recy-
cling endosomes (Figures 5C, 5C0, and 5C0 0) (Emery
et al., 2005), GFP-Rab7 to follow late endosomes (Fig-
ures 5D and 5D0) (Entchev et al., 2000), or GFP-Sec15
to follow the exocyst (Figures 5E and 5E0) (Jafar-Nejad
et al., 2005). Disruption of lgd function had no effect on
the size, shape, or distribution of any of these compart-ments. Asymmetric enrichment of the recycling endo-
some is not affected upon disruption of Lgd function
(Movies S7 and S8). We conclude that loss of lgd func-
tion specifically affects early endosomes.
To connect the early endosome phenotype with the
observed change in Notch/Delta distribution, we char-
acterized the endosomal compartment that accumu-
lates these proteins in lgd mutants. Both upon lgd over-
expression and lgd loss of function, Delta (Figures 4B0,
4B0 0, 4G0, and 4G0 0) and Notch (Figures 4D0, 4D0 0, 4I0,
and 4I0 0) accumulate in Hrs-marked compartments. To
test if Notch and Delta accumulate with Hrs in early or
late endosomes, we analyzed the distribution of Notch
and Delta in cells that overexpress GFP-Rab5 (Entchev
et al., 2000) with (Figure 5G) or without (Figure 5F) con-
comitant overexpression of lgd. The asymmetric cell di-
vision phenotype seen in lgd mutant clones or upon
overexpression of lgd is not changed upon coexpres-
sion of GFP-Rab5 (data not shown), although this may
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paper in this issue of Developmental Cell [Jaekel and
Klein, 2006]). GFP-Rab5-labeled early endosomes often
contain Notch or Delta, and they occasionally contain
both. Upon overexpression of lgd, the fraction of Notch
found in GFP-Rab5-marked early endosomes is dramat-
ically increased (from 46% [n = 11] to 84% [n = 13], p =
0.012, Student’s t test; Figure 5H). Anti-Rab5 staining
(Wucherpfennig et al., 2003) shows that Rab5 is found
on small punctae in wild-type cells (Figure 5I). In lgd-
overexpressing cells, however, endogenous Rab5 accu-
mulates on larger punctae and is frequently found on
enlarged Hrs rings (Figure 5J). This suggests that the
phenotypes we observe with GFP-Rab5 reflect a change
in the distribution of endogenous Rab5 protein. Taken
together with the observation that lgd acts largely cell
autonomously (Klein, 2003), our data suggest that Notch
accumulation in early endosomes is the cause of the lgd
mutant phenotype. While the fraction of Delta in GFP-
Rab5-positive endosomes is unchanged (68% [n = 11]
to 82% [n = 13], p = 0.13, Student’s t test; Figure 5H),
the fraction of GFP-Rab5-marked endosomes contain-
ing both Notch and Delta is increased (41% [n = 11] to
79% [n = 13], p = 0.008, Student’s t test; Figure 5H).
The finding that Notch and Delta are more frequently
found in the same vesicles upon overexpression of lgd
(62% [n = 11] to 91% [n = 13], p = 0.024, Student’s
t test; Figure 5H) suggests a protein-sorting defect.
Disruption of lgd Leads to a General Protein-Sorting
Defect
To test whether lgd is specific for Notch trafficking or
is required generally for protein sorting, we used an an-
tibody specific for ubiquitinylated proteins. As mono-
ubiquitination is required for internalization of endocytic
cargo (Hicke, 2001), this antibody labels the bulk of en-
docytosed proteins. In wild-type cells, ubiquitinylated
proteins are in small punctae (Figure 6A) and in the cyto-
plasm. In lgd mutant cells (Figure 6C) and in cells over-
expressing lgd (Figure 6B), the number and size of ubiq-
uitin punctae are increased, while cytoplasmic ubiquitin
staining is decreased. Many of these punctae costain for
Delta (Figures 6B0 0 and 6C0 0), although Delta cannot
account for all ubiquitinylated cargo since ubiquitin
punctae are generally larger in size and number. Another
transmembrane protein that accumulates in endocytic
vesicles is the Drosophila epidermal growth factor
(EGF) receptor (DER): in wild-type cells, DER is found
on the apical plasma membrane (data not shown) and
on intracellular punctae (Figure 6D0), some of which
(1.67 6 0.29 per cell pair, n = 15) colocalize with Hrs
(Figure 6D0 0). In lgd mutants (Figure 5F) or upon lgd over-
expression (Figure 5E), however, the number of punctae
containing both Hrs and DER is significantly increased
(4.07 6 0.62, n = 16, p = 0.0026 or 3.62 6 0.51, n = 15,
p = 0.0022, respectively, Student’s t test). Although
DER signaling is required for lateral inhibition (Culi
et al., 2001), it plays no role in the SOP lineage (B. Ham-
poelz and J.A.K., unpublished data). Thus, the cell fate
transformations we observe are not due to deregulation
of EGFR signaling. We conclude that disruption of lgd
function leads to a general defect in protein sorting
that is not specific to the Notch pathway and also affects
at least the Drosophila EGF receptor.The lgd Mutant Phenotype Is Not Seen upon
Simultaneous Removal of hrs
The observed accumulation of Hrs in lgd mutants sug-
gests a close functional connection. Like in lgd mutants,
transmembrane proteins accumulate in endocytic com-
partments in hrs mutants (Jekely and Rorth, 2003).
Although the activity of both DER (Lloyd et al., 2002)
Figure 6. Sorting of Ubiquitinated Proteins and DER Is Affected in
lgd Mutant Cells
(A–C0 0) Staining of ubiquitinylated proteins (green, [A]–[C]) and Delta
(red, [A0]–[C0]) in (A) wild-type, (B) lgd-overexpressing, and (C) lgd08
mutant cell pairs. Ubiquitin is found in the cytoplasm and in punctae
in wild-type cells. In lgd mutant or lgd-overexpressing cells, cyto-
plasmic staining of ubiquitin is decreased, and ubiquitin accumu-
lates in punctae (arrowheads in [B] and [C]) that frequently overlap
with (A0 0–C0 0) Dl.
(D–F0 0) Hrs (green, [D]–[F]) and DER (red, [D0]–[F0]) staining in (D) wild-
type, (E) lgd-overexpressing, and (F) lgd08 mutant cell pairs. The
number of Hrs punctae containing DER (arrowheads in [E] and [F])
is increased in lgd mutants or upon lgd overexpression compared
to wild-type cells.
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creased in hrs mutants, these mutants do not show
the strong Notch-overactivation phenotypes observed
in lgd mutants (Lu and Bilder, 2005). Consistent with
this, although Hrs protein levels are dramatically re-
duced in marked hrs mutant clones at the time of divi-
sion of the SOP (Figure 7A), all specified ES organs
develop normally (Figure 7B) with wild-type lineage
(Figure 7C; 100% wild-type, n = 110). Surprisingly, the
cell fate transformations in lgd24 mutant clones (Figures
7D and 7E; 54% multisocket, n = 78) are completely sup-
pressed by simultaneously removing hrs, both morpho-
logically (Figure 7F) and in lineage analysis (Figure 7G;
100% wild-type, n = 94). Similar results were obtained
for the lgd08 allele (data not shown). Furthermore, the
enlarged nota seen in lgd mutants are not observed in
hrs, lgd double mutants (compare Figure 7D to Figures
7B and 7F, all taken at the same magnification). We con-
clude that lgd is only required for regulation of Notch
signaling in the presence of hrs.
Discussion
Lgd: A Regulator of Protein Sorting?
The phenotypes we observe in lgdmutants are strikingly
similar to those that have recently been described for
Drosophila members of the ESCRT complexes (Moberg
et al., 2005; Thompson et al., 2005; Vaccari and Bilder,
2005). These complexes have been identified in yeast
but are found in all animals. They are required for protein
sorting in the degradative pathway and the formation of
multivesicular bodies (Raiborg et al., 2003; Babst, 2005).
Ubiquitinated internalized proteins are recognized by
Hrs (Vps27 in yeast), a ubiquitin-binding protein targeted
to early endosomes by its FYVE domain. Hrs binds to
Vps23, a member of the ESCRT I complex (Katzmann
et al., 2001, 2003; Bache et al., 2003), and these proteins
recruit the other members of the ESCRT I complex.
ESCRT I activates ESCRT II, leading to the recruitment
of ESCRT III (Babst et al., 2002a, 2002b), the budding
of vesicles into the endosomal lumen, and MVB forma-
tion. When MVBs fuse with lysosomes, these internal
vesicles and their protein contents are degraded by li-
pases and hydrolases (reviewed in Babst, 2005).
Although there is no yeast homolog of Lgd, three
pieces of evidence suggest that Lgd might act in this
pathway: first, mutations in the Drosophila homologs
of vps27 (hrs in flies and mammals), vps23 (erupted
in Drosophila; tsg101 in mammals), and vps25 (another
ESCRT II complex member) lead to accumulation of
ubiquitinated transmembrane proteins in enlarged en-
dosomes (Jekely and Rorth, 2003; Moberg et al., 2005;
Thompson et al., 2005; Vaccari and Bilder, 2005), a phe-
notype that we also observe in lgd mutants. Notch is
found in enlarged, Hrs-positive compartments in both
lgd and vps25 mutant cells. Second, in lgd mutants,
just like in flies mutant for hrs, erupted, or vps25, signal-
ing through transmembrane receptors is ectopically
activated (Lloyd et al., 2002; Jekely and Rorth, 2003;
Moberg et al., 2005; Thompson et al., 2005; Vaccari
and Bilder, 2005). Finally, lgd was initially identified
as a tumor suppressor gene (Bryant and Schubiger,
1971; Bryant and Levinson, 1985), and recent papers
describing the Drosophila homologs of ESCRT complexmembers show that they also have tumor suppressor
properties.
Where in the pathway could Lgd act? Due to a paucity
of markers for ESCRT complex members in Drosophila,
we were unable to precisely determine the point at
which lgd is required. However, our results indicate
that lgd acts after hrs in the pathway. Unlike mutants
in ESCRT I (vps23, erupted) (Moberg et al., 2005) or
ESCRT II (vps25) (Thompson et al., 2005; Vaccari and
Bilder, 2005; Herz et al., 2006), the Notch pathway is
not ectopically activated in hrs mutants (Figure 7) (Lu
and Bilder, 2005). Furthermore, our hrs, lgd double mu-
tant experiments suggest that the ectopic activation of
Notch in lgd mutants requires the activity of hrs. Consis-
tent with this, in lgd mutant cells, Hrs is recruited to ves-
icles, and these vesicles contain ubiquitinated proteins.
Our interpretation is that hrs mutants block Notch traf-
ficking at an earlier step than lgd. In the double mutant,
the early block in vesicle trafficking does not allow Notch
to reach the later compartment, in which it would accu-
mulate in lgd single mutants, thus preventing ectopic
activation of the Notch pathway (Figure 7).
Ectopic Notch Activation Due to Defective Protein
Sorting
How do we reconcile the protein-trafficking defect and
Notch overactivation observed in lgd mutants? The final
step in Notch activation is the Presenilin-dependent
S3 cleavage. Since Presenilin has been shown to be
required for ectopic Notch activation in lgd mutants
(Klein, 2003), we propose that lgd leads to the accumu-
lation of Notch in a compartment where it can be more
easily cleaved by the protease. Presenilin localizes to
the plasma membrane and to internal membranes
(Ye and Fortini, 1998; Lah and Levey, 2000; Nowotny
et al., 2000; Chung and Struhl, 2001; Lopez-Schier and
St Johnston, 2002; Vetrivel et al., 2004) and has been
shown to be active both at the plasma membrane and
in endosomes (Pasternak et al., 2003; Chyung et al.,
2005). Although we cannot exclude that the S3 cleavage
occurs at the cell surface, our data suggest that this pro-
teolytic event can also occur to some level in endosomal
compartments. Two reasons can be envisaged to ex-
plain the Notch overactivation phenotype in lgd mu-
tants: either Notch is endocytosed to some level even
if it has not encountered a ligand, and this pool of endo-
cytosed Notch is activated over time when it accumu-
lates in endosomes. Alternatively, ligand binding trig-
gers the S2 cleavage at the cell surface, and it is the
NEXT fragment that accumulates in endosomes and
therefore can undergo a more complete S3 cleavage
before being degraded in lysosomes. Although full-
length Notch is not a good substrate for Presenilin
(Struhl and Adachi, 2000) and upregulation of Notch sig-
naling in lgd mutants was thought to be ligand depen-
dant (Klein, 2003), the accompanying paper (Jaekel
and Klein, 2006) shows that ectopic Notch signaling in
lgd mutants is ligand independent, favoring the first
possibility.
It is puzzling that loss of lgd and loss of ESCRT I/II
complex members leads to Notch overactivation but
hrsmutations do not. Recent work has shown that accu-
mulation of Notch is not always sufficient to activate
Notch signaling, whether it is at the plasma membrane
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(A–A0 0) (A) Hrs is dramatically reduced in
UbxFlp-induced clones of hrsd28 marked by
the absence of b-gal.
(B and B0) Flies with UbxFlp-induced clones
of hrsd28 show mild loss of bristles, but re-
maining bristles are composed of hair and
socket.
(C) Lineage analysis of marked clones con-
firmed that hrsd28 mutant ES organs develop
normally.
(D and D0) Flies with UbxFlp-induced clones
of lgd24 have overgrown nota and show mild
loss of bristles and ES organs composed of
multiple sockets, but no hairs.
(E) A total of 54% of ES organs in marked
lgd24 mutant clones contain either two (ar-
rowhead) or four (arrow) socket cells.
(F and F0) Flies carrying UbxFlp-induced
hrsd28, lgd24 double mutant clones do not
overgrow and show mild loss of bristles; re-
maining bristles are composed of both hair
and socket.
(G) All ES organs in marked hrsd28, lgd24 dou-
ble mutant clones are wild-type.(Lu and Bilder, 2005) or in late endosomes (Weber et al.,
2003). In hrs mutants, Notch colocalizes with the
syntaxin Avalanche, while in vps25 mutants it does not
(Vaccari and Bilder, 2005). This finding indicates that
although Notch accumulates in enlarged early endo-
somes in both cases, there are differences between
these endosomes. One difference could be the pres-
ence or absence of Presenilin, although this remains to
be tested.
Just as accumulation of Notch does not always lead to
ectopic activation of signaling, activation of Notch sig-
naling does not always have the same consequences
for the cell. lgd mutant cells activate the Notch target
gene Cut (Klein, 2003), whereas vps25 mutant cells do
not (Herz et al., 2006). Loss of ESCRT I/II complex mem-
bers leads to Notch-dependant activation of Unpaired,
leading, in turn, to nonautonomous overproliferation
(Moberg et al., 2005; Thompson et al., 2005; Vaccari
and Bilder, 2005; Herz et al., 2006), while lgdmutant cells
themselves overproliferate. lgd mutant cells retain the
capacity to differentiate, while ESCRT I/II mutant cells
lose polarity, fail to differentiate, and undergo apopto-
sis. Clearly, further characterization of lgd and its homo-logs is required to define its functional relationship with
the ESCRT complex.
All ESCRT complex members identified so far are con-
served between yeast and humans. Given that lgd is not
conserved in yeast, the phenotypic similarity to vps23
and vps25 mutations is surprising. It is possible that the
more complex sorting requirements in multicellular or-
ganisms require modifications of the ESCRT machinery.
Further study will be required to figure out exactly what
evolutionary advantage this modification offers metazoa.
Experimental Procedures
Identification of lethal (2) giant discs
2L08 and 2L24 were identified in a previously described EMS screen
(Berdnik et al., 2002) that used the eyFlp-FRT cell lethal system
(Newsome et al., 2000) to identify mutations affecting ES organ de-
velopment. P element mapping (as described by Berdnik et al., 2002)
used EP(2)2478 (inserted in 32D) and EP(2)1183 (inserted in 33B);
SNP mapping was done between these P elements and the 2L08
and 2L24 chromosomes, as described (Berger et al., 2001). Se-
quences of identified SNPs are available upon request. Sequence
analysis of relevant genes was performed on DNA isolated from
homozygous lgd08 mutant larvae by using standard methods.
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lgdd1, lgdd4, lgdd7, and lgdd10 were a gift from T. Klein (Klein, 2003);
hrsd28 was a gift from H. Bellen (Lloyd et al., 2002). For Notchts epis-
tasis experiments (as described by Berdnik et al., 2002), Notchts,
eyFlp/Y; lgd24 FRT40A/2L3.1 FRT 40A flies or their siblings, Notchts,
eyFlp/Y; 2L3.1 FRT 40A/CyO, were raised at 21C. Pupae (0–1 hr old)
were collected and aged for 16 hr 25C. Aged pupae were kept at
21C (permissive temperature) or 32C (restrictive temperature) for
8 hr and then either dissected for lineage analysis or allowed to
eclose at 21C. lgd08, lgd24, hrsd28, and hrs, lgd double mutant
clones were generated on the notum by using UbxFlp; 2L3.1,
P[mini-w+, arm-lacZ] FRT40A/CyO, tub-EGFP (Hutterer and Kno-
blich, 2005). Larvae were sorted for the absence of GFP, and clones
were marked by the absence of b–Gal. To image vesicles, stacks (30
slices at 0.3 mm intervals) were taken apical to basal. Note that SOP
cell development in lgd clones is delayed by 1 hr. Live imaging of
GFP-Rab5, GFP-myc-2xFYVE (Wucherpfennig et al., 2003), GFP-
Rab7 (Entchev et al., 2000), Rab11-GFP (Emery et al., 2005), and
GFP-Sec15 (Jafar-Nejad et al., 2005) in SOP cells was done as de-
scribed (Emery et al., 2005). lgd clones were generated by using
the MARCM system (Lee and Luo, 1999), and UbxFlp; GFP fusions
were expressed by using neuralizedGal4 (Bellaiche et al., 2001).
For lgd overexpression, we also used scabrousGal4 (Brand and
Perrimon, 1993) and MS248Gal4 (Cavodeassi et al., 2002), which
we mapped to the frizzled III locus (data not shown).
UAS-Lgd was generated by cloning the lgd cDNA (LD23056)
(DGRC) into pUAST (Brand and Perrimon, 1993) by using EcoRI
and XhoI. 2xmyc-Lgd was generated by cloning a PCR-amplified
lgd coding region into a vector containing a b-globin leader and
two N-terminal myc tags (Knoblich et al., 1999) and was cloned
into pUAST. Lgd deletions were made by PCR, recombined into
pDONR 221 (Invitrogen, Gateway system), and then recombined
into the pUAST derivatives pUAST-DEST11 (no tag), pUAST-
DEST12 (containing N-terminal GFP), pUAST-DEST13 (C-terminal
GFP) (Frederick Wirtz-Peitz and Alfonso Martinez-Arias, personal
communication), pTFW (N-terminal 3xFlag), or pTWF (C-terminal
3xFlag) (DGRC). Transgenic flies were generated by standard
methods.
Antibodies and Immunofluorescence
Pupae (0–1 hr old) were collected and aged for 15–17 hr (mitotic
SOP), 16–18 hr (pIIa/pIIb cell pair), or 24–26 hr (lineage analysis); dis-
sected in either 5% or 8% paraformaldehyde; fixed for an additional
30 min (lineage) or 15–27 min (rest); and stained essentially as de-
scribed (Rhyu et al., 1994). Antibodies used were guinea pig Ase
(1:1000; Bhalerao et al., 2005), rabbit Ase (1:3000; Brand et al.,
1993), rabbit b-Gal (1:1000; Cappel/ICN), guinea pig Delta (1:5000;
Huppert et al., 1997), mAb Delta (1:250; C594.9B, DSHB), rat DER
(1:100; Jekely and Rorth, 2003), mAb Elav (1:30; 9F8A9, DSHB),
guinea pig Hrs (N-Hrs, 1:1000; FL-Hrs 1:1000; Lloyd et al., 2002), rab-
bit Miranda (1:1000; Shen et al., 1997), mAb c-myc (1:100; Santa
Cruz), mAb Notch-extra (1:250; C458.2H, DSHB), mAb Notch intra
(1:250; C17.9C6, DSHB), mouse Numb (1:200; Schaefer et al.,
2001), rabbit Prospero (1:1000; Vaessin et al., 1991), rabbit Rab5
(1:50; Wucherpfennig et al., 2003), mAb Flag M2 (1:1000; Sigma),
rat Su(H) (1:2000; Gho et al., 1996), mAb a-tubulin (1:100; Sigma),
and mAb Ubiquitin conjugates (mono- and poly-, 1:500; Affiniti Re-
search). Mouse and rabbit anti-Lgd were generated against an N-
terminal peptide corresponding to amino acids 2–21 of Lgd
(FSRKKPEPAKRRQHDLSQFG-C) chemically coupled to keyhole
limpet hemocyanin. Only the mouse antibody gives a peptide-block-
able signal in immunofluorescence. The mouse antibody is used at
1:100 (western blot) or 1:500 (immunofluorescence). The rabbit anti-
body was affinity purified and used at 1:500 (western blot). Peptide
blocking of Lgd antibodies is done by preincubation of antibody with
1.26 mg/ml antigenic peptide in block (1 hr at room temperature).
Alexa 488 (1:500; Molecular Probes)-, Cy3- (1:250; Dianova), or
Cy5 (1:500; Dianova)-conjugated secondary antibodies were used.
Images were collected on a Zeiss LSM510 confocal microscope
equipped with a blue diode laser to visualize Hoechst 33258
(Sigma) for DNA, and they were processed with Adobe Photoshop.
Figures were assembled with Adobe Illustrator. For vesicle counting,
the cell cortex was defined either by using rhodamine phalloidin
(1:500; Molecular Probes) or GFP fluorescence (Figure 5,neuralizedGal4) or was estimated from cytoplasmic staining of
antibodies.
Fractionation of Larval Extract
Wild-type or lgd08 mutant third-instar larvae (identified by the ab-
sence of a GFP-marked balancer) were homogenized in lysis buffer
(10 mM Tris [pH 8.0], 1 mM EDTA, 1 mM PMSF) in a douce (Wheaton,
USA). Homogenates were precleared by centrifugation (4C, 400 3
g, 10 min; 40003 g, 10 min), and this postnuclear extract was loaded
onto an equal volume of a sucrose cushion (250 mM sucrose in lysis
buffer) and centrifuged at 109,0003 gav for 1 hr at 4
C in a Sorvall
S55-S rotor. The pellet was resuspended to 13 in lysis buffer.
Purification of Flag-Tagged Proteins from S2 Cells
Drosophila S2 cells were propagated in Schneider’s medium
(GIBCO-BRL) containing 10% FCS, 50 U/ml penicillin, and 50 mg/
ml streptomycin. UAS constructs were expressed by cotransfection
with actinGal4 (gift from T. Volk) by using Cellfectin (Invitrogen). Cells
were homogenized in extraction buffer (Schober et al., 1999). A total
of 10 ml mAb Flag (M2, Sigma) was bound to 50 ml Protein G beads (1
hr, room temperature). Cell extract and antibody-coupled beads
were incubated for 1 hr 4C. Bound proteins were eluted by using
100 ml 0.3 mg/ml 3xFlag peptide in extraction buffer (1 hr, 4C).
The protein concentration was calculated by using Coomassie
staining; each elution gave only one band on a gel.
Protein-Lipid Overlay
PIP Strips (membranes containing 15 different 100 pmol phospho-
lipid samples; Molecular Probes) were blocked (TBS, 0.1% Tween
20, 3% fat-free BSA [Sigma]) and incubated with 0.5 mg/ml purified
GST-tagged protein or 0.2 mg/ml purified Flag-tagged protein over-
night (4C). Bound protein was detected with mAb anti-GST or mAb
anti-Flag (Sigma), followed by horseradish peroxidase-conjugated
goat anti-mouse secondary antibody (Amersham Biosciences) and
chemiluminescent detection (ECL; Amersham).
Supplemental Data
Supplemental Data include eight movies and are available at http://
www.developmentalcell.com/cgi/content/full/11/5/641/DC1/.
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